Introduction
G-protein-coupled receptors (GPCRs) occur in most eukaryotic cells and form the largest protein superfamily known to date. The mammalian genome contains about 100&2000 different types of GPCRs. Their function is on the one hand to mediate cellular communication (e.g. hormone and neurotransmitter receptors), but GPCRs also act as primary input devices for environmental signals (e.g. rhodopsin, chemosensory, olfactory and gustatory receptors) [1, 2] .
It has been estimated that two thirds of all pharmaceutical drugs act on GPCRs, which makes these proteins a major research subject in the pharmaceutical industry. Despite enormous efforts, no high-resolution structure of any member of this family has yet been obtained. This lack of information may be for one of several reasons. One is the limited availability of purified receptors which could be used for structural studies. Their natural abundance in tissue is low and expression Abbreviations used CMC, cntical micellar concentration, GPCR G-protein-coupled receptor, GST, glutathione S-transferase, NTA. nrtnlotnacetic acid 'To whom correspondence should be addressed in heterologous systems is often difficult in terms of yield or homogeneity [3] . In addition, even if a suitable protein preparation was available, GPCRs, as membrane proteins in general, may not readily produce crystals diffracting to high resolution. This paper targets the first problem mentioned above, i.e. the production of large amounts of purified protein. We chose Escherichia coli as a host for expression of a fusion protein containing a receptor sequence as well as an N-terminal glutathione S-transferase (GST) moiety and a Cterminal 6-His tag, thus allowing rapid purification. Expression of these constructs results in the formation of inclusion bodies containing misfolded protein. Although this fact is a major drawback which implies that special techniques must be developed to refold the protein to its native state, inclusion bodies also have advantages. For instance, the yield of expressed protein reaches up to 10 yo of the cellular protein, which is at least 100-fold higher than in any other GPCR-expression system. Inclusion-body protein is insoluble in neutral detergents which allows removal of soluble and membrane proteins by centrifugation and thus facilitates protein purification.
Two topics are addressed in the following. (i) We describe how to predict expression levels of GPCRs from the respective protein sequence and we suggest how expression can be improved by mutagenesis. (ii) We provide a protocol for refolding of GPCRs from inclusion bodies to the native state. This protocol yields at present only a small fraction of refolded protein. I t is discussed how the yield may be increased.
Prediction of expression levels
All GPCRs were cloned into the same pGEX-His fusion vector (Figure 1 ). T h e plasmids were transformed into E. coli BL21. Expression levels were determined by purifying corresponding amounts of fusion protein from small cultures In an attempt to understand this phenomenon, we looked for specific features in the protein sequence which could cause the toxic effect. Heterologous expression of membrane proteins in E. coli is often toxic and it has been observed that toxicity is not related to either transcription or
Figure I
Map of the plasmid pGEX-His used for expression of GPCRs
The receptor sequences were cloned into the EcoRIIKpnl sites. translation, but occurs at a later stage such as membrane insertion. Membrane proteins insert into the membrane according to the 'positive inside rule', which was discovered by statistical analysis of protein sequences and subsequently confirmed by sitedirected-mutagenesis studies [4] . This rule predicts that loops connecting transmembrane segments stay on the cytoplasmic side of the membrane if they consist of at least 20% positively charged residues (Arg and Lys). Loops with lower positive-charge content can be translocated across the membrane. This rule is valid both in prokaryotes and eukaryotes, but there are some important differences. Namely, in bacteria, it strictly applies to nearly every single loop, while in eukaryotes, many exceptions occur, and the charge bias is visible only when a set of sequences is averaged [5]. We speculated that these exceptions from the rule are not tolerated in bacteria, leading to proteins inserted only partially or with the wrong topology. As the membrane-insertion machinery is a vital requirement for the insertion of E. coli's own proteins, overloading of this system with proteins that are difficult to insert might account for the observed toxic effect.
In our system, we deliberately want to direct the proteins to inclusion bodies that are formed of aggregated intracellular protein. Therefore, any interaction with the membrane has to be prevented. This is achieved in part by the N-terminal GST fusion. Although GST is a soluble protein, its mean hydrophobicity is rather high, thus promoting aggregation. Moreover, GST is expressed at a very high level in E. coli and so are many GST fusion proteins [6] . Because aggregation is a concentration-dependent process, a high expression level will favour aggregation.
T h e receptor sequence is the only part of the fusion protein which could possibly insert into the membrane, either partially or as a whole. According to the positive inside rule, sequences with a high positive charge content in all loops are likely to remain intracellular and should therefore yield the highest expression levels.
We measured expression levels of 11 different GPCR sequences and attempted to relate the data to the positive charge content in the loop regions (H. Kiefer, K. Maier and R. Vogel, unpublished work). T h e best correlation was obtained when each sequence was represented by a set of six variables describing the positive-charge content in each loop. A significant improvement in correlation was obtained when only the variation be-
Regression coefficients obtained from multiple linear-regression analysis
Receptors used in this study were: hamster a I S adrenergic, shark A, adenosine, human melanocortin-I, rat neurotensin-t , human NPY I and NPYZ. human oxytocin, rat olfactory OR5
wild-type and DSZRRRN mutant receptorj and bovine and octopus opsin. For more details, see text.
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tween 0 and 25 yo of positive charge was taken into account. This was expected from the positive inside rule, as loops with a charge content of 25 % or higher always remain intracellular. In other words, the variation above 25 yo is not determining membrane insertion. The correlation was established by multiple linear-regression analysis, and the regression coefficients are shown in Figure 2 . It is striking that four out of six variables show a positive correlation with the expression level, supporting the hypothesis that loops with a low charge content are toxic. In one case (e2 loop), there is no significant correlation, and in another case (i2 loop) the correlation is negative. This latter result cannot be explained by our concept and it will be interesting to see if this observation will be confirmed by further experiments.
The data suggest that expression levels of GST-GPCR fusions can be improved by increasing the positive-charge content in loops containing no or few charges. Site-directed-mutagenesis experiments to test this hypothesis are under way.
Refolding procedure -protocol
The procedure contains the following steps : solubilization of the inclusion-body protein, transfer into a neutral detergent, thrombin cleavage and purification on a Ni-NTA (nitrilotriacetic acid) column. Refolding of soluble proteins from inclusion bodies is usually achieved by solubilizing the aggregated protein in a denaturant such as urea or guanidinium chloride followed by dilution into a 'folding buffer' devoid of denaturant and containing additives favourable for folding of the respective protein [7] . For most GPCRs, this procedure is not applicable, because these proteins are insoluble in urea or guanidinium chloride. A detergent above its critical micellar concentration (CMC) is required to keep the protein in solution. Inclusion bodies of membrane proteins can either be solubilized by a combination of denaturant and a mild detergent, or by a harsher detergent alone.
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Flow dialysis experiment with solubilized adenosine receptor
The radioactivity is a measure of the concentration of non-bound ligand ([3H]adenosine). Initially, 5 nM ligand was added t o the receptor. At fraction 6, bound adenosine was displaced by adding I0 ,uM non-radioactive adenosine. The number of binding sites can be calculated from the difference in radioactivity before and after adding unlabelled adenosine. Mild detergents are uncharged or zwitterionic, while harsh detergents are generally charged. We chose sarcosyl, a negatively charged detergent, for solubilization, because its high CMC ( x 0.5 in 150 mM NaCl) allows subsequent removal by detergent exchange on a column. Moreover, the solubilized protein can be transferred rapidly into another detergent by diluting below the CMC of sarcosyl. In this step, sarcosyl becomes monomeric, and digitonin, which is present above its CMC, will replace the sarcosyl initially bound to the receptor protein. Presumably, refolding already starts at this point, but for technical reasons, we cannot measure activity before the protein is purified. Digitonin is widely used to stabilize GPCRs in their native conformation and has been used by us to refold two different GPCRs. The drawbacks of digitonin are that it is a natural product composed of two isomers, it only becomes water-soluble upon boiling and its properties very much depend on the supplier and the batch. These properties make it unlikely to be a useful detergent for crystallization. We therefore tested a variety of detergents for their ability to replace digitonin. Unfortunately, in most other detergents (Triton X-100, octyl glucoside, dodecyl maltoside), rapid aggregation of the receptor protein was observed. One exception was lysolecithin (C16), which could replace digitonin and resulted in active receptor. Unfortunately, this detergent is very expensive, and has not been used to crystallize membrane proteins up to now. Currently, we are experimenting with mixtures of detergents and lipids. These mixed micelles may improve the stability of solubilized GPCRs.
Activity measurements
The first evidence for activity of a refolded GPCR was obtained with the odorant receptor OR5 [S] . Although the natural ligand lilial is hydrophobic and therefore cannot be used in standard ligandbinding assays, a derived photoaffinity label 4-benzoyldihydrocinnamaldehyde (BDCA) reacted covalently with OR5 upon illumination. This reaction was inhibited in a concentrationdependent manner by lilial, indicating that both molecules bind to the same site on the receptor.
Subsequently, a shark A,-adenosine receptor was purified and refolded as described above and adenosine binding could be measured by two methods (H. Kiefer, K. Maier and R. Vogel, unpublished work). (i) Receptor reconstituted in lipid vesicles was used in centrifugation assays. The vesicles were incubated with [3H]adenosine for 1 h and bound radioactivity was separated from free adenosine by ultracentrifugation. (ii) Solubilized and purified receptor in digitonin eluted from the Ni-NTA column was subjected to flow dialysis (Figure 3) [9] . The results allow the quantification of the yield of refolded protein, which at present accounts for x 1 yo of the total receptor protein. An important result is that refolding takes place during the solubilization and purification procedure and not during reconstitution into a lipid membrane. Currently, we are attempting to improve the yield of refolded protein by screening various parameters such as pH, salt concentration, temperature, addition of ligand and by varying the detergent.
By applying the purified protein to a ligandaffinity column, we hope to obtain a fraction highly enriched in active receptor and suitable for biophysical studies and crystallization screenings. 
Introduction
The amplified expression of membrane-transport proteins in Gram-positive lactic acid bacteria, their subsequent isolation and purification, their incorporation into artificial membranes (membrane reconstitution) and their functional analysis are described in this article. The lactic acid bacteria, Lactococcus lactis and Streptococcus thermophilus, represent excellent alternatives to Escherichia coli for the overexpression of genes encoding integral membrane proteins and their isolation from the cytoplasmic membrane. L. lactis and S. thermophilus are aerotolerant, multiple amino acid auxotrophic fermentative bacteria. The properties that make these bacteria very suitable for gene expression and protein purification are the following: (i) their growth is rapid and proceeds to high cell densities; (ii) most strains are multiple amino acid auxotrophs, which is particularly useful when one aims at the introduction of specific amino acid labels (e.g. 13C) into proteins ; (iii) efficient transformation systems are available; (iv) strong and tightly regulated promoter systems are available, which allows expression of toxic gene products ; (iv) the expression of genes encoding membrane proteins is, in our hands, far more reproducible than in E. coli; (v) there is little redundancy of genes owing to the small genome sizes of the organisms, which facilitates complementation studies in knock-out mutants ; (vi) amplified membrane proteins are targeted exclusively to the cytoplasmic membrane ; (vii) the organisms have little proteolytic activity ; (viii) the organisms have a single membrane Abbreviations used: DDM, n-dodecyl-p-D-mattoside; OG, octyl-8-glucopyranoside: C, , E, , decylpoly(ethyleneglycolether),; C I zE, , dodecylpoly(ethyleneglycolether),; CMC, critical micellar concentration : sGDH, carbohydrate dehydrogenase.
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(cytoplasmic membrane) ; and (ix) the membrane proteins are readily solubilized with a range of mild detergents.
Amplified gene expression Expression in S. thermophilus
Although the regulation of the lacs promoter of S. thermophilus has not entirely been elucidated, the essential promoter elements are known [l]. Transacting factors include the transcriptional activator GalR and the global regulator CcpA; the latter binds to the catabolite-response element (cre) and thereby inhibits transcription. The effector molecule of GalR is an early intermediate of the Leloir pathway of galactose metabolism. CcpA activity is most likely modulated by HPr(Ser-P) [2], but details of the catabolite repression in S. thermophilus remain to be established. These trans-acting transcription factors and effector molecules mean that the promoter is well-regulated in S. thermophilus. Expression from the lacs promoter of s. thermophilus requires lactose metabolism, i.e. formation of the inducer and, when the gene of interest is on a plasmid, little or no expression is observed when the cells are grown on sucrose. Switching from sucrose-to lactose-containing media results in activation of the lacs promoter. In the case of expression of wild-type or mutant alleles of the l a c s gene in S. thermophilus ST1 l(AlacS), protein levels of 2 C 2 5 yo of total membrane protein are routinely obtained (Table  1) [31.
Expression in L lads
The trans-acting factors of the nisin A promoter include the response regulator NisR (transcription activator when phosphorylated) and the sensor kinase NisK [4]. This so-called two-component regulatory system, termed NICE for nisin-controlled expression, has been transferred to a range of (lactic acid) bacteria [S], but the system is used
